In order to examine the crystallography for diffusion-induced recrystallization (DIR) in the Ni(Cu) system, Cu/Ni/Cu diffusion couples were prepared by a diffusion bonding technique from a pure Cu single-crystal specimen and a pure Ni polycrystalline specimen, and then isothermally annealed at a temperature of 923 K for various times of 1-60 h. The Miller indices of the Cu specimen along the Cu/Ni interface are (111). The notation A(B) means that a solute B diffuses into a pure metal A or a binary A-B alloy with the A-rich single-phase microstructure. Due to DIR during annealing, a region with fine grains alloyed with Cu is produced into the Ni specimen from the Cu/Ni interface in the diffusion couple. The orientation relationship between the fine grain in the DIR region and the Cu or Ni specimen was analyzed by an electron backscattered diffraction technique as well as transmission electron microscopy. Orientation relationships close to but not identical to the cube/ cube relationship exist between the Cu specimen and many fine grains in the DIR region. The chemical driving force for the formation of the DIR region, the boundary energy and the boundary diffusion coefficient were evaluated by mathematical models. According to the evaluation, it is likely that fine grains surrounded by small-angle boundaries are formed and grow moderately during DIR.
Introduction
Diffusion-induced recrystallization (DIR) is the phenomenon whereby new fine grains with discontinuously different solute concentrations are produced behind moving grain boundaries owing to recrystallization combined with diffusion of solute atoms along the moving boundaries. On the other hand, during diffusion-induced grain boundary migration (DIGM), a region with different composition is left behind a moving boundary due to grain boundary migration combined with the diffusion of solute atoms along the moving boundary. DIGM and DIR in the Ni(Cu) system were experimentally studied by den Broeder and Nakahara, 1) Liu et al. 2) and Ma et al. 3) Here, the notation A(B) represents that a solute B diffuses into a pure metal A or a binary A-B alloy with the A-rich single-phase microstructure according to convention. In those experiments, Cu/Ni/Cu diffusion couples were prepared by an electrodeposition technique, and then isothermally annealed at various temperatures of T ¼ 623{1223 K. During annealing, a mixed DIGM + DIR area is produced in the neighborhood of the Cu/Ni interface, but DIGM areas are formed in both the Cu and Ni specimens slightly away from the interface. The kinetics of DIGM was examined on the basis of the microstructural observation of the DIGM areas. However, it was rather difficult to distinguish the region alloyed by DIR from that alloyed by DIGM in the mixed area, and hence the growth behavior of the DIR region could not be determined in those experiments.
In the Cu polycrystalline layer electrodeposited on the Ni specimen, there exist many defects. Such defects may contribute to the formation of the mixed area. In order to suppress the mixed area, Cu/Ni/Cu diffusion couples were prepared by a diffusion bonding technique from a pure Cu single crystal and a pure Ni polycrystalline specimen in previous studies. 4, 5) In those studies, the diffusion couples were isothermally annealed at T ¼ 923 and 1023 K in order to observe the kinetics of DIR in the Ni(Cu) system. Owing to annealing, the DIR region is produced at the Cu/Ni interface and grows mainly into the Ni specimen. However, no mixed DIGM + DIR area is formed in the diffusion couple. Therefore, in an experiment of DIR, the diffusion bonding technique seems more suitable for preparation of diffusion couples than the electrodeposition technique.
The diffusion bonding technique was also used to examine the composition dependence of the kinetics of DIR in the Ni(Cu) system in a previous study. 6) In that study, Cu/(Ni-Cu)/Cu diffusion couples were prepared from a pure Cu polycrystalline specimen and binary Ni-Cu polycrystalline alloys with different concentrations of Cu, and then isothermally annealed at T ¼ 1023 K. Due to annealing, the DIR region is formed at the Cu/(Ni-Cu) interface, and grows predominantly towards the Ni-Cu alloy. However, no mixed DIGM + DIR area is produced in the diffusion couple. Consequently, the diffusion bonding technique is valid for inhibition of the mixed area not only in the single-crystal/ polycrystal diffusion couple but also in the polycrystal/ polycrystal diffusion couple.
According to the observation in previous studies, 4, 5) the DIR region is formed at the interface in the Cu/Ni/Cu diffusion couple, and grows prevailingly into the Ni specimen. Since the DIR region is formed as a thin polycrystalline layer with a mono-grain thickness along the interface in the early stages of the reaction, 7) each fine grain in the DIR region may possess a preferential orientation relationship with the Cu or Ni specimen. Unfortunately, however, experimental information of such an orientation relationship is not available for DIR in the Ni(Cu) system. In the present study, the crystallography of DIR in the Ni(Cu) system was experimentally examined using Cu/Ni/Cu diffusion couples. The diffusion couple was prepared by a diffusion bonding technique from a pure Cu single-crystal and a pure Ni polycrystalline specimen, and then isothermally annealed at T ¼ 923 K for various times. For the annealed diffusion couple, the morphology of the DIR region was observed by optical microscopy, transmission electron microscopy and an electron backscattered diffraction technique.
Experimental
A Cu single-crystal with parallel (111) surfaces and a thickness of 2 mm was prepared from pure Cu with purity of 99.99% by a Bridgman technique with a graphite crucible. Plate specimens with a size of 2 mm Â 5 mm Â 12 mm were cut from the single-crystal by spark erosion. Here, the longitudinal direction of the plate specimen is parallel to the ½ " 1 110 axis of the single-crystal. The plate specimen was electrolytically polished in an etchant composed of 25 vol.% of acetic acid and 75 vol.% of ethanol with a temperature of 243 K at a voltage of 6 V.
Polycrystalline Ni was prepared as a 25 g button ingot by Ar arc melting from pure Ni with purity of 99.97%. Sheet specimens with a dimension of 0:1 mm Â 8 mm Â 12 mm were prepared by a cold-rolling technique from the button ingot, and then separately annealed in evacuated silica capsules at a temperature of T ¼ 873 K for 1 h, followed by air cooling without breaking the capsules. The mean grain size of the annealed sheet specimen is about 80 mm. The annealed sheet specimen was electrolytically polished in an etchant consisting of 5 vol.% of sulfuric acid and 95 vol.% of distilled water with a temperature of 273 K at a voltage of 5 V.
After electrolytic polishing, a pure Ni sheet specimen was immediately sandwiched between freshly prepared pure Cu plate specimens in ethanol. The sandwich Cu/Ni/Cu couple was completely dried, and then isothermally heat-treated for diffusion bonding in an evacuated silica capsule at T ¼ 923 K for 1 h, followed by air cooling without breaking the capsule. Here, the Miller indices of the Cu plate specimen along the interface are (111). The diffusion couples were separately encapsulated in evacuated silica capsules, and then isothermally annealed at T ¼ 923 K for various periods up to 59 h, followed by air cooling without breaking the capsules. Hereafter, the summation of the heat-treating and annealing times is merely called the annealing time.
Cross-sections of the annealed diffusion couple were mechanically polished on 1000-4000 emery papers, and then finished using diamond with a size of 1 mm. Here, the crosssection is perpendicular to the Cu/Ni interface and the ½ " 1 110 axis of the Cu specimen. The finished cross-section was chemically etched for 1-3 s in a freshly prepared etchant consisting of 12 ml of acetic acid, 8 ml of nitric acid, and five drops of hydrochloric acid and phosphoric acid. For the chemically etched cross-section, the microstructure was observed by optical microscopy (OM), and the crystallography was determined by an electron backscattered diffraction (EBSD) technique.
Slices with a thickness of 1 mm were cut from the annealed diffusion couple along the plane perpendicular to the Cu/Ni interface and the ½ " 1 110 axis of the Cu specimen by spark erosion. Parallel surfaces of the slice were mechanically polished on 600-1500 emery papers in order to reduce the thickness from 1 mm to 150 mm. A disk specimen with a diameter of 3 mm was cut from the mechanically polished slice by spark erosion. The thickness of the disk specimen was further reduced to 50 mm by mechanical polishing using alumina with a size of 0.05 mm. From the mechanically polished specimen, a thin disk specimen was prepared by an ion milling technique using an Ar ion beam at accelerating voltages of 6-10 kV and at incident ion beam angles of 4-5 . The microstructure and the crystallography of the thin disk specimen were analyzed by transmission electron microscopy (TEM) at an accelerating voltage of 200 kV.
Results

Microstructure
A typical optical micrograph for the cross-section of the annealed diffusion couple is shown in Fig. 1 . Figure 1 was taken from the diffusion couple with T ¼ 923 K and t ¼ 60 h. Here, T and t are the annealing temperature and time, respectively. The Cu and Ni specimens in the diffusion couple are located on the upper and lower sides, respectively, in Fig. 1 . As mentioned in Sect. 2, the mean grain size of the Ni specimen is about 80 mm. However, in Fig. 1 , fine grains with sizes of 5-10 mm are formed at the Cu/Ni interface owing to DIR. In the following, the fine grain region produced by DIR is merely called the DIR region. The mean thickness of the DIR region is about 10 mm in Fig. 1 . Hereafter, the grain boundary between the Cu specimen and the DIR region, that between the Ni specimen and the DIR region and that between the neighboring grains in the DIR region are abbreviated to the Cu/DIR, Ni/DIR and DIR/DIR boundaries, respectively.
A typical bright-field (BF) image of the DIR region is shown in Fig. 2 (a). This figure was taken from the diffusion couple with T ¼ 923 K and t ¼ 1 h. In Fig. 2 (a), the incident electron beam is parallel to the ½ " 1 110 axis and the (111) plane of the Cu specimen. Hereafter, the ½ " 1 110 axis and the (111) Orientation Relationship for Fine Grains Formed by Diffusion-Induced Recrystallization in the Ni(Cu) System plane of the Cu specimen are denoted by the ½ " 1 110 Cu axis and the (111) Cu plane, respectively. The crystal axis and plane of other materials are also described in a similar manner. At t ¼ 1 h, the Cu/DIR boundary is nearly flat and almost parallel to the (111) Cu plane. Thus, the Cu/DIR boundary is mostly in an edge-on position in Fig. 2 (a). In this figure, the holes formed by ion milling are recognized along the Cu/ DIR boundary but not along the Ni/DIR boundary. Such holes are usually produced along the joint interface in the diffusion couple. Thus, the initial Cu/Ni interface corresponds to the Cu/DIR boundary but not to the Ni/DIR boundary. Consequently, Fig. 2 (a) indicates that the DIR region is formed along the Cu/Ni interface and grows predominantly into the Ni specimen at T ¼ 923 K.
A dark-field (DF) image obtained from the 220 spot for the Cu specimen of Fig. 2 (a) is shown in Fig. 2(b) . The DIR region is produced as a thin polycrystalline layer with a mono-grain thickness along the Cu/Ni interface in the early stages of the reaction as pointed out in a previous study. 7) In the diffusion couple, the Cu specimen is a single-crystal, but the Ni specimen is a polycrystal. Thus, each grain in the Ni specimen has no specific orientation relationship with the Cu specimen. As a result, the contrast is brighter for Cu than for Ni. On the other hand, the contrast for most of the fine grains in the DIR region is as bright as that for the Cu specimen. This means that there exist particular orientation relationships between the fine grains and the Cu specimen.
Crystallography
On the basis of the TEM observation, the orientation relationship between the fine grains in the DIR region and the Cu specimen will be analyzed in this section. The BF image in Fig. 2 (a) is magnified in Fig. 3(a) . Selected area diffraction (SAD) patterns for the Cu specimen and a fine grain in the DIR region were taken from the region shown with circle A in Fig. 3(a) . The result is indicated in Fig. 3(b) , and schematically drawn in Fig. 3 (c). The Cu specimen and the fine grain in the circular region of Fig. 3 (a) are merely called Cu and grain DIR, respectively. In Fig. 3(c) , open and solid circles show the schematic SAD patterns for Cu and grain DIR, respectively. Since the incident electron beam is parallel to the ½ " 1 110 Cu axis in Fig. 3(b) , the open circles constitute a zone-axis (ZA) pattern of face-centered cubic (fcc) with the ½ " 1 110 Cu axis in Fig. 3 (c). As can be seen in The BF image in Fig. 3 (a) is shown again in Fig. 4 (a). SAD patterns for two neighboring fine grains in the DIR region were taken from the region indicated with circle B in Fig. 4(a) . The result is shown in Fig. 4(b) , and schematically depicted in Fig. 4(c) . The fine grains on the upper and lower Fig. 3(c) . Hence, the displacement between the two SAD patterns is clearly distinguishable in Fig. 4 (b) but hardly in Fig. 3(b) . For Fig. 3(b Fig. 4 as well as Cu and grain DIR in Fig. 3 . Consequently, we may expect that the near cube/ cube relationship is predominantly realized between the Cu specimen and the DIR region in the present diffusion couple.
EBSD measurement
In order to confirm the predominance of the near cube/ cube relationship between the Cu specimen and the DIR region, the crystallography was measured by an EBSD technique for a wide area of the cross-section of the diffusion couple. The mean grain size of the DIR region is about 1 and 10 mm for t ¼ 1 and 60 h, respectively, at T ¼ 923 K. Since the grain size of about 10 mm is suitable for the EBSD measurement, the diffusion couple with T ¼ 923 K and t ¼ 60 h was used for the present purpose. The measurement was carried out for 22 fine grains in the DIR region neighboring the Cu specimen. The result is shown in This guarantees that the near cube/cube relationship is prevailingly realized between the Cu specimen and many fine grains in the DIR region.
The crystallography for DIR in the Au(Cu) system was experimentally observed by Grovenor. 8) In that experiment, pure Cu was evaporated on a sheet specimen of pure Au bicrystal with a [001] twist boundary. After evaporation, the sheet specimen was isothermally annealed at T ¼ 573 K for a couple of minutes. Due to annealing, DIR as well as DIGM occurs in the sheet specimen. The orientation relationship of ð001Þ Au == ð110Þ DIR and ½1 " 1 10 Au == ½1 " 1 10 DIR as well as the near cube/cube relationship was observed by TEM between the Au specimen and fine grains in the DIR region. Thus, two different orientation relationships are possible for DIR in the Au(Cu) system. Mayer et al. experimentally observed the crystallography for DIR in the Cu(Zn) system. 9) In their experiment, a pure Cu single-crystal with parallel (011) surfaces was zincified by a capsule zincification technique at T ¼ 693 K for t ¼ 500{700 h. Since there is no grain boundary, only DIR takes place in the Cu single-crystal during zincification. The following orientation relationships were recognized by an EBSD technique between the Cu single-crystal and the DIR grain: ð011Þ Cu == ð011Þ DIR , ð011Þ Cu == ð114Þ DIR , ð011Þ Cu == ð012Þ DIR and ð011Þ Cu == ð001Þ DIR . Although various orientation relationships are actualized, the cube/cube relationship seems possible also in the Cu(Zn) system. However, the orientation relationship between the crystallographic axes of the Cu single-crystal and the DIR grain was not determined in the EBSD measurement. Therefore, in their experiment, the possibility of the cube/cube relationship was not confirmed conclusively, though the parallelism was observed between the (011) Cu and (011) DIR planes. 
Discussion
Chemical driving force for DIR
In order to evaluate the chemical driving force for DIR in a binary A(B) system composed of nonvolatile elements, a driving force (DF) model was proposed in a previous study. 10) Since both Cu and Ni are nonvolatile at T ¼ 923 K, the DF model is applicable to DIR in the Ni(Cu) system. When the DIR region with composition y i is formed in the untransformed matrix with composition y 0 from the interface between the untransformed matrix and the source metal or alloy with composition y c , the chemical driving force ÁG m for formation of the DIR region is given by the following equation according to the DF model: 10)
Here, y indicates the mol fraction of the solute B, and G m stands for the molar Gibbs energy of the primary solid solution () phase of the solvent A. In the DF model, y c is not greater than the solubility of the solute B in the phase. Furthermore, y i < y c and y 0 < y i . In the case of the binary Ni-Cu system, the molar Gibbs energy G m of the fcc-phase is expressed as a function of the mol fraction y of Cu by the equation
where o G Ni and o G Cu are the molar Gibbs energies of pure Ni and Cu, respectively, E G m is an excess Gibbs energy, and R is the gas constant. According to a subregular solution model, 11) E G m is described as follows: Fig. 6 . Thus, the DIR region with y i ¼ 0:619 is mostly like to form. As mentioned in Sect. 1, the kinetics of DIR in the Ni(Cu) system was experimentally observed at T ¼ 923 and 1023 K in previous studies. 4, 5) The observation provides y i ¼ 0:298 for y 0 ¼ 0 and y c ¼ 1 at T ¼ 923 K. 5) For y i ¼ 0:298, a value of ÁG m ¼ 2:16 kJ/mol is obtained from eqs. (1)-(3). Thus, y i is smaller for the observation than for the calculation yielding the maximum value of ÁG m . Nevertheless, the value ÁG m ¼ 2:16 kJ/mol is still greater than 80 percent of that ÁG m ¼ 2:67 kJ/mol. Thus, at T ¼ 923 K in the Ni(Cu) system, the DIR region with y i ¼ 0:298 can be formed by the driving force greater than 80 percent of the maximum driving force.
Boundary energy
As previously mentioned, the deviation from the cube/ cube relationship is mostly smaller than 4 between the neighboring grains in the DIR region. The boundary energy is not known for such small-angle boundaries. In this section, the boundary energy will be estimated for the small-angle boundary. The boundary energy B in Cu was experimentally determined as a function of the misorientation angle for [100] twist boundaries by Mori et al., 13) for [110] twist boundaries by Miura et al., 14) for [110] symmetric tilt boundaries by Monzen et al., 15) and for [100] symmetric tilt boundaries by Mori et al. 16) In these experiments, the equilibrium shape of silica particles formed on a grain boundary during annealing at an adequate high temperature was observed by TEM and then the boundary energy was evaluated from the equilibrium shape. This method is called the silica particle observation (SPO) method. The SPO method has no drawbacks which are inevitable in boundary grooving and tri-junction methods, and hence provides reliable information on the misorientation dependence of the boundary energy. As to the experimentally smallest misorientation angle, the relative boundary energy B = I is 0.174 at ¼ 6:1 for the [100] twist boundary, 13) 0.274 at ¼ 13:5 for the [110] twist boundary, 14) 0.383 at ¼ 20:7 for the [110] symmetric tilt boundary, 15) and 0.267 at ¼ 15:0 for the [100] symmetric tilt boundary. 16) Here, I is the interfacial energy of the Cu/silica interface. For the [100] twist boundary, B is proportional to in the range of ¼ 0{6:1 . 13) Furthermore, Mori et al. 13) where g ¼ 0:0461 J/m 2 dgrees. If the exact cube/cube relationship holds good between the Cu specimen and the DIR grain, the (111) DIR plane is parallel to the (111) Cu plane on the Cu/DIR boundary and the ½ " 1 110 direction coincides with each other between the Cu specimen and the DIR grain. However, the atomic diameter of Ni is smaller than that of Cu. 18) Hence, a periodic array of misfit dislocations will appear along the Cu/DIR boundary. In order to evaluate the boundary energy m B due to a periodic array of misfit dislocations, a mathematical model was proposed by Yao and Wang. 19) According to their model, m B is described by the equation
where and c are defined as
respectively. For the Cu/DIR boundary with the exact cube/ cube relationship, is the cohesion force per unit area on the ð111Þ Cu == ð111Þ DIR boundary, and a 1 and a 2 are the atomic distances along the h110i Cu and h110i DIR directions, respectively. On the other hand, and f in eq. (6a) are calculated by the equations
and
respectively. Furthermore, the parameters in eq. (7a) are defined as follows:
2 ¼ Àð 2 À 1Þ À ð 1 À 1Þ Àð 2 þ 1Þ þ ð 1 þ 1Þ ; ð8bÞ
Here, 1 and 2 are the shear moduli of the Cu specimen and the DIR grain, respectively, and 1 and 2 are Poisson's ratios of the Cu specimen and the DIR grain, respectively. For the DIR grain, we assume that 2 , 2 and a 2 are calculated by the equations
respectively. Here, Cu and Ni are the shear moduli of Cu and Ni, respectively, Cu and Ni are Poisson's ratios of Cu and Ni, respectively, and a Cu and a Ni are the atomic distances along the h110i Cu and h110i Ni directions, respectively. Thus, 1 ¼ Cu , 1 ¼ Cu and a 1 ¼ a Cu for the Cu specimen. If the composition of the Cu/DIR boundary is equivalent to a mean value between y ¼ 1 for the Cu specimen and y ¼ y i for the DIR grain, is estimated by the following relationship:
Here, Cu and Ni are the values of for Cu and Ni, respectively. The value i for element i may be estimated by the equation
where Z i , Q i and V i are the coordination number, the heat of sublimation and the molar volume, respectively, for the fccphase of element i. In the case of the exact cube/cube relationship, a periodic array of misfit dislocations appears along the ½ " 1 110, ½ " 1 101 and ½0 " 1 11 directions on the ð111Þ Cu == ð111Þ DIR boundary. If any interactions among these periodic arrays are negligible, the boundary energy M B of the Cu/DIR boundary due to the misfit dislocation is obtained by the equation
Here, m B1 , m B2 and m B3 indicate the values of m B for the periodic arrays of misfit dislocations along the ½ " 1 110, ½ " 1 101 and ½0 " 1 11 directions, respectively. When the (111) DIR plane is slightly inclined around the ½ " 1 110 axis, the effective value of a 2 contributing to formation of a periodic array of misfit dislocations varies depending on the inclination angle . Such an effective value of a 2 is denoted by a e 2 . The value of a e a e 2 ¼ a 2 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi 1 À sin 2 sin 2 '
where ' is the angle between the ½ " 1 110 and ½ " 1 101 directions for m B2 and that between the ½ " 1 110 and ½0 " 1 11 directions for m B3 . Thus, ' ¼ 60 and 120 for m B2 and m B3 , respectively. On the other hand, is the angle between the (111) Cu and (111) DIR planes. The dependence of the boundary energy M B on the inclination angle was calculated from eqs. (5)- (13) . In the calculation for m B2 and m B3 , a e 2 was used instead of a 2 . Furthermore, the following parameters were adopted: a Cu ¼ 0:25560 nm and a Ni ¼ 0:24917 nm; 18) Cu ¼ 48:3 GPa, Ni ¼ 76:0 GPa, Cu ¼ 0:343 and Ni ¼ 0:312; 20) and y i ¼ 0:298. 5) Unfortunately, however, reliable information is not available for Q Cu and Q Ni . Thus, Q i was estimated by the equation
Here, Q f i and Q v i are the heats of fusion and vaporization, respectively, for the fcc-phase of element i. In the estimation for Q Cu and Q Ni , the following values were used: 18) The result is shown in Fig. 7 . As can be seen, M B is equal to 0.407 J/m 2 at ¼ 0 , and monotonically increases with increasing value of .
The change ÁE of the overall energy due to formation of the DIR grain can be evaluated on the basis of the calculation mentioned above. In order to simplify the evaluation, however, it is assumed that the DIR region consists of cubic grains with the same dimension and a set of parallel faces of the cubic grain is parallel to the Cu/DIR and Ni/DIR boundaries. In such a case, the DIR region is a layer with a uniform thickness and the thickness l of the DIR region is equivalent to the side length of the cubic grain. Hence, ÁE is described by the equation
Here, ÁE V is the decrease in energy owing to alloying of Ni with Cu for the volume V, and ÁE S is the increase in energy due to appearance of new grain boundaries for the area S. The values of ÁE V and ÁE S are obtained by the equations
respectively. Here, S CD and S DD are the areas of the Cu/DIR and DIR/DIR boundaries, respectively, belonging to each DIR grain, and V m is the molar volume of the DIR grain. The value of V m may be calculated as follows:
Using the molar volume V m , ÁE is readily converted into the molar energy ÁE m by the equation
In the present diffusion couple, the Cu/Ni interface as well as the Ni/DIR boundary is the general boundary of the fcc-phase. Therefore, the boundary energy can be almost equivalent between the Cu/Ni interface and the Ni/DIR boundary, and thus the replacement of the Cu/Ni interface with the Ni/DIR boundary may hardly contribute to ÁE S . Utilizing eqs. (1), (4) and (12) for estimation of ÁG m , s B and M B , respectively, the dependence of ÁE m on was calculated from eqs. (15)- (18) for various values of l. For simplification, however, we assume that ¼ . The results for l ¼ 1:5{3:5 nm are shown as solid curves in Fig. 8 . As can be seen, ÁE m increases with increasing value of , but decreases with increasing value of l. For l ¼ 1:5 nm, ÁE m is negative at < 0:52 but positive at > 0:52 . The critical inclination angle c corresponding to ÁE m ¼ 0 increases with increasing value of l. The result in Fig. 8 indicates that the DIR grain with ¼ 0 is formed most probably.
Boundary diffusion coefficient
A kinetic model of DIR in a binary A(B) system was proposed by Li and Hillert. 21) In this section, their model has been used to evaluate the boundary diffusion coefficient of the small-angle boundary. According to the kinetic model, the thickness l of the DIR region is proportional to the square root of the annealing time t for large values of l as follows:
Here, the proportionality coefficient k is defined as
In the present diffusion couple, M is the mobility of the moving Ni/DIR boundary, and and D b are the thickness and the diffusion coefficient, respectively, of the DIR/DIR boundary. As mentioned in Sect. 1, the kinetics of DIR in the Ni(Cu) system was experimentally observed in previous studies. 4, 5) In those experiments, the same type of Cu/Ni/Cu diffusion couple as the present diffusion couple was isothermally annealed at T ¼ 923 and 1023 K for various times. Hereafter, this type of diffusion couple is merely called the single-crystal diffusion couple. On the other hand, Cu/ Ni/Cu diffusion couples composed of pure Cu and Ni polycrystalline specimens were used to observe experimentally the kinetics of DIR in the Ni(Cu) system at T ¼ 923 K in a previous study. 22) This type of diffusion couple is designated the polycrystal diffusion couple. The experimental results of the single-crystal and polycrystal diffusion couples at T ¼ 923 K are shown as open circles and squares, respectively, in Fig. 9 . In this figure, the ordinate indicates the thickness l of the DIR region, and the abscissa shows the square root of the annealing time t. Although the plotted points are slightly scattered, l may be proportional to the square root of t for both diffusion couples according to eq. (19) . From these plotted points, k was determined by the least-squares method. The determination provides k r ¼ 4:13 Â 10 À8 m/s 0:5 and k s ¼ 1:78 Â 10 À8 m/s 0:5 . Here, k r and k s are the values of k for the polycrystal and singlecrystal diffusion couples, respectively. The DIR/DIR boundary is the small-angle boundary in the single-crystal diffusion couple but the general boundary in the polycrystal diffusion couple. On the other hand, the moving Ni/DIR boundary is the general boundary for both diffusion couples.
Thus, M as well as y c and V m is equivalent between both diffusion couples. 5, 22) Consequently, from eq. (20), we obtain the equation
where D b s and D b r are the diffusion coefficients of the smallangle and general boundaries, respectively. The temperature dependence of D b is usually described as
The pre-exponential factor and the activation enthalpy for D b of Cu in the general boundary of Ni are reported as D b 0 ¼ 5:25 Â 10 À16 m 3 /s and Q b ¼ 133:9 kJ/mol, respectively. 23) Thus, D b r ¼ 1:39 Â 10 À23 m 3 /s at T ¼ 923 K. Inserting these values of D b r , k r and k s into eq. (21), we obtain D b s ¼ 4:77 Â 10 À25 m 3 /s. On the other hand, the diffusion coefficient D of volume diffusion for Cu in Ni is equal to 1:43 Â 10 À19 m 2 /s at T ¼ 923 K. 18) This value of D corresponds to that of D b at ¼ 0 . If D b s ¼ 4:77 Â 10 À25 m 3 /s is the value of D b at ¼ 4 and is equal to 5:0 Â 10 À10 m, the dependence of D b on B is estimated quantitatively from eq. (4). The result is shown as open circles in Fig. 10 . As can be seen, D b remarkably decreases with decreasing value of B . In contrast, the result in Fig. 8 yields that the DIR grain with ¼ ¼ 0 is produced most preferentially. According to the result in Fig. 10 , however, D b is more than three orders of magnitude smaller for the grain boundary with s B ¼ 0 J/m 2 at ¼ 0 than for that with s B ¼ 0:185 J/m 2 at ¼ 4 . Hence, a sufficient amount of Cu atoms cannot be transported from the Cu/DIR boundary towards the Ni/DIR boundary along the DIR/DIR boundary with % 0 . In such a case, the DIR region hardly grows within realistic experimental annealing times. As a result, there is a compromise between the formation and growth rates of the DIR grain. This may be the reason why the orientation relationship close to but not identical to the cube/ cube relationship is realized between the Cu specimen and the DIR grain under the present experimental conditions.
Conclusions
The crystallography of DIR in the Ni(Cu) system was examined using the Cu/Ni/Cu diffusion couple prepared by a diffusion bonding technique from a pure Cu single-crystal specimen and a pure Ni polycrystalline specimen. Here, the Miller indices of the Cu specimen along the Cu/Ni interface are (111). The diffusion couple was isothermally annealed at a temperature of T ¼ 923 K for various times between t ¼ 1 and 60 h. Owing to DIR during annealing, a region consisting of fine grains alloyed with Cu is formed into the Ni specimen from each Cu/Ni interface in the diffusion couple. The grain size of the DIR region is 0.5-1 mm at t ¼ 1 h, and becomes 5-10 mm at t ¼ 60 h. The orientation relationship between the Cu or Ni specimen and the fine grain in the DIR region was observed by transmission electron microscopy for the diffusion couple with t ¼ 1 h and by an electron back-scattered diffraction technique for that with t ¼ 60 h. The observation yields that orientation relationships close to but not identical to the cube/cube relationship of ð111Þ Cu == ð111Þ DIR and ½ " 1 110 Cu == ½ " 1 110 DIR are realized between the Cu specimen and many fine grains in the DIR region. The mathematical model proposed in a previous study 10) was used to evaluate quantitatively the chemical driving force for formation of the DIR region. The evaluation was carried out also for the boundary energy and the boundary diffusion using the models proposed by Yao and Wang 19) and by Li and Hillert, 21) respectively. According to the evaluation, the fine grain surrounded by the small-angle boundary is most likely to be formed and grows moderately due to DIR.
